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Description 

[0001 ] The present invention relates to a method for manufacturing a tube or a sheet of niobium-containing zirconium 
alloy as indicated in the preamble of claim 1 . 
5 [0002] Such a method is known from US-A-5 972 288. 

[0003] Said document relates to niobium containing zirconium alloys having 0,05-0,3 wt % of niobium and use of a 
hot rolling temperature of 700°C and a final annealing treatment at 480°C. 

[0004] The present invention aims to provide alloys of the kind described and having excellent corrosion resistance 
and mechanical properties which are improved over alloys according to above reference and is thereto characterized 
10 as given in the characterizing part of claim 1 . 

[0005] Further embodiments of the method are given in dependent claims 2-12. 

1. Field of the Invention 

15 [0006] In general the present invention pertains to a method for manufacturing a tube and a sheet of niobium-con- 
taining zirconium alloys for high bum-up nuclear fuel, comprising melting a metal mixture comprising of zirconium and 
alloying elements to obtain an ingot, forging the ingot at p phase range, p-quenching the forged ingot in water after a 
solution heat-treatment at 1 015-1075 °C, hot-wortcing the quenched ingot at 600-650 °C, cold-working the hot-worked 
ingot in three to five times with intermediate vacuum annealing, and final vacuum annealing the cold-worked ingot at 

20 440-600 °C. 

2. Background of Invention 

[0007] In the development of nuclear reactors, such as pressurized water reactors (PWR) and boiling water reactors 
25 (BWR), zirconium alloys have been widely used in nuclear reactor applications, including nuclearfuel cladding, nuclear 
fuel assembly components, and reactor core components. 

[0008] Among zirconium alloys developed up to now, Zircaloy-2 (Sn: 1 .20-1.70 %, Fe: 0.07-0.20 %, Cr: 0.05-1 .15 
%, Ni: 0.03-0.08 %, 0: 900-1500 ppm, Zr: the balance) and Zircaloy-4 (Sn: 1 .20-1 .70 %, Fe; 0.18-0.24 %, Cr: 0.07-1 .13 
%, O: 900-1500 ppm, Ni:<0.007%, Zr: the balance), which include Sn, Fe, Crand Ni, have been widely used. (Herein, 

30 % means % by weight). 

[0009] Recently, the high burn-up/extended cycle nuclear fuels have been used to improve economic efficiency of 
nuclear reactors. In the case of the conventional Zircaloy-2 and Zircaloy-4, many problems are caused in terms of 
corrosion and mechanical properties. Hence, Nb known to be used in improving mechanical strength and creep resist- 
ance, as well as improving corrosion resistance of zirconium alloy and low hydrating, is added to zirconium alloys used 

35 for fuel cladding and space grids of the high burn-up/extended cycle nuclear fuel. 

[0010] An important factor affecting corrosion and mechanical properties in zirconium alloys is the chemical compo- 
sition of the alloy and also its amount. However, corrosion and mechanical properties of zirconium alloys having the 
same composition are greatly changed depending on annealing conditions and working degree. 
[0011] In particular, physical properties of Nb-containing zirconium alloys depend on the manufacturing processes, 

40 so that the optimal manufacturing processes should be established. 

[0012] In the prior arts related to manufacturing processes of Nb-containing zirconium alloys useful as cladding rods 
of high bum-up/extended cycle nuclear fuels, U.S. Pat. No. 5,648,995 refers to a method for manufacturing cladding 
tubes made out of zirconium alloys containing Nb: 0.8-1 .3 wt%, Fe: 50-250 ppm, O: 1 600 ppm or less, C: 200 ppm or 
less, Si: 120 ppm or less. In this patent, an ingot of Nb-containing zirconium alloy is heated to between 1000 °C and 

45 1200 °C, p-quenched in water, heated to the range of 600 °C to 800 °C and then extruded. Thereafter, cold rolling is 
conducted in four to five passes with intermediate heat treatments in the range 565 °C to 605 °C for 2-4 hours and a 
final heat treatment is performed at 580 °C, thereby manufacturing cladding tubes of nuclear fuels. As such, in order 
to improve creep resistance, Fe in the alloy composition is limited to an amount of 250 ppm or less, and O is limited 
to the range of 1000-1600 ppm. 

50 [0013] U.S. Pat. No. 5,940,464 discloses a method of manufacturing alloys comprising Nb: 0.8-1 .8 wt%, Sn: 0.2-0.6 
wt%, Fe: 0.02-0.4 wt%, C: 30-180 ppm, Si: 10-120 ppm, O: 600-1800 ppm and Zrthe balance. The bars of alloys are 
heated at 1000-1200 °C and then quenched. The melted bar is drawn into a blank after heating to a temperature in 
the range of 600 °C to 800 °C, followed by annealing the drawn blank at a temperature in the range 590 °C to 650 °C. 
The annealed blank is cold-worked in at least four passes into a tube, with intermediate heat treatments at temperatures 

55 in the range 560 °C to 620 °C. Next, a final heat treatment step for recrystallization at a temperature in the range 560 
°C to 620 °C, and a final heat treatment step for stress relief at 470-500 °C, are carried out. 

[0014] U.S. Pat. No. 5,838,753 refers to a process for fabricating a nuclearfuel cladding tube, comprising P quenching 
a zirconium alloy billet comprising of Nb 0.5-3.25 % and Sn 0.3-1 .8 % by heating to a temperature in p range above 
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950 °C and rapidly quenching the billet below a transformation temperature from a + p to a to form a martens tic 
structure, extruding the billet at below 600 °C, forming a hollow, annealing the said hollow by heating at a temperature 
up to 590 °C, pilgering the said annealed hollow, and finally annealing at a temperature up to 590 °C to form the said 
cladding tube for nuclear fuel. This patent also comprises of the alloy having a microstructure of second phase pre- 

s cipitates of p-niobium distributed uniformly, intragranularly and intergranularly forming radiation resistant second phase 
precipitates in the alloy matrix so as to increase the resistance to aqueous corrosion, compared to that of Zircaloy, 
when irradiated to high fluency. The p-quenching step is conducted below 250 °C at a cooling rate greater than about 
300 K/sec, and the second phase precipitates in the alloy have an average diameter of 80 nm. In the alloy further 
comprising Si: 1 50 ppm or less, C: 50-200 ppm and 0: 400-1 000 ppm, the second phase precipitates have an average 

10 diameter of 60 nm. 

[0015] EP0198570B1 relates to a process for fabricating a thin-wall tube (less than 1 mm in thickness) from 1 .0-2.5 
wt% of Nb-added zirconium alloy selectively containing Cu, Fe, Mo, Ni, W, V, and Cr as well as homogeneously and 
finely dispersed particles formed by p-treating a niobium-containing zirconium alloy billet; extruding the said p-treated 
billet at a temperature less than 650 °C to form a tube shell; further deforming the said tube shell by cold working the 

is same in a multiple of cold working stages; annealing the said tube shell, between the stages of the cold working, at a 
temperature below 650 °C; and finally annealing the resultant tube at a temperature below 600 °C, so as to control a 
microstructure of the material having the niobium-containing particles of a size below about 80 nm homogeneously 
dispersed therein. The 1-2.5 wt% Nb-added alloys are extruded, annealed at 500-600 °C, preferably 524 °C for 7.5 
hours, and then finally annealed at 500 °C, preferably 427 °C for 4 hours. The tube shell after extrusion is p-annealed 

20 at 850-1 050 °C and then quenched. 

[0016] Additionally, U.S. Pat. No. 5,230,758 discloses that zirconium alloy comprising Nb: 0.5-2.0 wt%, Sn: 0.7-1 .5 
wt%, Fe: 0.07-0.14 wt%, Cr: 0.025-0.08 wt%, Cr-Ni 321 ppm or less, 0.03-0.14 wt% of at least one of Cr and Ni, at 
least 0.12 wt% total of Fe, Cr and Ni, C: 220 ppm or less, is subjected to a post extrusion annealing and a series of 
fabrication step. Intermediate annealing temperature is 645-704 P C and the alloy is subjected to p-quenching two steps 

25 prior to a final sizing. 

[0017] Therefore, under study has been the method of making Nb-containing zirconium alloys for high burn up/ 
extended cycle nuclear fuel with improving the corrosion resistance and strength by changing the kind and amount of 
added elements and conditions of working and annealing. 

30 SUMMARY OF THE INVENTION 

[0018] Leading to the present invention, the intensive and thorough research on a novel method for manufacturing 
Nb-containing zirconium alloys with excellent corrosion resistance and mechanical properties, carried out by the 
present inventors aiming to avoid the problems encountered in the prior arts, resulted in the finding that added elements 

35 are changed in kinds and amounts, and also cold working is conducted 3-5 times, annealing being performed at rela- 
tively low temperatures, and average size and annealing conditions of precipitates in the alloy matrix are quantitatively 
determined by use of the accumulated annealing parameter (Z A), thereby developing an optimized method for man- 
ufacturing zirconium alloys comprising 0.05-1 .8 % of niobium and Sn, Fe, Cr, Mn, and Cu for nuclear fuel cladding tube. 
[0019] Therefore, it is an object of the present invention to provide a method for manufacturing a tube and a sheet 

40 of Nb-containing zirconium alloys with excellent corrosion resistance and mechanical properties, useful as high burn 
up/extended cycle nuclear fuel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 [0020] The above and other objects, features and other advantages of the present invention will be more clearly 
understood from the following detailed description taken in conjunction with the accompanying drawings, in which: 

FIG. 1 is a diagram of preparation processes of the present invention. 
FIG. 2 is the electron microscopic microstructures of alloys for each step. 
50 FIG. 3 is the electron microscopic microstructures of alloys according to an annealing parameter during vacuum 

annealing. 

FIG. 4 is a graph showing corrosion properties of alloys according to the annealing parameter during vacuum 
annealing; 

Nb 0.4 wt%, Sn 0.8 wt%, Fe 0.35 wt%, Cr 0.15 wt%, Mn 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr the 

55 balance (hereinafter, abbreviated to 'A composition'); 

. Nb 0.2 wt%, Sn 1 .1 wt%, Fe 0.35 wt%, Cr 0.15 wt%, Cu 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr the balance 

(hereinafter, abbreviated to 'B composition'); 

Nb 1 .5 wt%, Sn 0.4 wt%, Fe 0.2 wt%, Cr 0.1 wt%, Si 120 ppm, O 1400 ppm and Zrthe balance (hereinafter, 
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abbreviated to 'C composition'); 

Nb 1 .0 wt%, Sn 1 .0 wt%, Fe 0.3 wt%, Cr 0.1 wt%, Cu 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr the balance 
(hereinafter, abbreviated to 'D composition'); 

Nb 0.4 wt%, Sn 0.8 wt%, Fe 0.35 wt%, Cr 0.1 5 wt%, Cu 0.1 wt%, Si 1 20 ppm, O 1 400 ppm and Zr the balance 
5 (hereinafter, abbreviated to 'E composition'). 

FIG. 5 is a graph showing corrosion properties of alloys according to final annealing temperature. A; 

B; ....... C; „._._D E 

FIG. 6 is a graph showing tensile strength of alloys according to final annealing temperature. A; B; ....... 

C; ..... D; E 

10 FIG. 7 is a graph showing creep rate of alloys according to final annealing temperatue. A; . B; ....... C; ..... 

D; ...... E 

FIG. 8 is a graph showing corrosion properties of the Alloy-2 and Alloy-6 according to the temperatures of hot- 
working, intermediate annealing, and final annealing. 

15 DETAILED DESCRIPTION OF THE INVENTION 

[0021] To carry out above the goal, the present invention provides a method for manufacturing the tube and sheet 
of niobium-containing zirconium alloy for high burn-up nuclear fuel, 

in the first step is preparing ingot containing Nb element (step 1 ); 
20 in the second step of forging the ingot at □ phase range (step 2); 

in the third step of Dquenching the forged ingot in water after performing a solution heat-treatment at 1 01 5-1 075 
□ (step 3); 

in the forth step of hot-working the quenched ingot at 600-650 □ (step 4); 

in the fifth step of cold-working the hot-worked billet in three to five passes, which has intermediate annealing in 
25 vacuum (step 5) between the passes, and; 

in the sixth step of final annealing in vacuum at 440-600 □ (step 6). 
[0022] Referring to Fig.1 , a method for manufacturing a zirconium alloy of the present invention is explained. 
[0023] In a first step of ingot preparing (1 ), alloy elements such as Sn, Fe, Cr, Cu or Mn, O, Si in addition to Nb, are 
mixed and then melted, thus ingots of zirconium alloys is prepared. 
30 [0024] In a second step of forging (2), the ingot is forged at p phase range of 1 000-1200 °C to break its dendrite 
structure. 

[0025] In a third step of ^-quenching (3), solution heat-treatment of the ingot is performed at p regime of 1015-1 075 
°C so that alloy composition may become homogeneous and then is quenched to yield a martensite structure and 
Widmanstatten structure. This step is carried out for homogenizing the composition and controlling particle sizes in 
35 the alloy matrix. 

[0026] In a fourth step of hot working (4), the p-quenched ingot is worked into intermediate products of a hollow billet 
and hot worked to prepare an extruded shell, which is suitable for cold working. At that time, the heat treatment tem- 
perature is preferably 600-650 °C, more preferably 630 °C. 

[0027] In a fifth step of cold working (5) and intermediate vacuum annealing (6), the extruded shell prepared in the 
40 fourth step is cold-worked to prepare TREX (Tube Reduced Extrusion), which is then heat-treated in the intermediate 
vacuum annealing step. Such TREX is further cold worked 2-4 times (7). Through the total 3-5 times of cold working 
and the intermediate vacuum annealing (6) between the cold working steps, the heat-treatment time and temperature 
are adjusted so as to attain the condition under which precipitates are limited to a size of 80 nm or smaller. As such, 
the accumulated annealing parameter, L A, is preferably limited to a range of 1 x 10" 18 hr or lower, where Z A is 
45 represented by the following Equation 1 : 

Equation 1 

5Q SA=L,t, X exp(-Q/RT,) 

where, tj is annealing time (hr) of i-th step after p-quenching, Tj is annealing temperature (K) of i-th step after p- 
quenching, R is gas constant, Q is activation energy and Q/R equal to about 40,000 K. 

[0028] It is preferred that the intermediate annealing for forming recrystalline structure between the cold-working 
55 steps is carried out at 550-650 °C for 2-3 hours under vacuum. 

[0029] In Fig. 2, the hot working is conducted at 600-650 °C and the intermediate vacuum annealing between the 
cold working steps at 550-640 °C to form a recrystalline structure, for preferably 2-15 hours, and more preferably 2-8 
hours. It is preferred that 0.5 wt% or lower of Nb-added alloy is at 570-620 °C for 2-3 hours, and 0.8-1 .8 wt% of Nb- 
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added alloy intermediately vacuum-annealed at 570-620 °C for 2-8 hours. As can be seen in this drawing, the micro- 
structures observed after intermediate vacuum annealing are all in recrystallized states and the precipitates are ho- 
mogeneously dispersed therein. 

[0030] With reference to Fig. 3, microstructure of zirconium alloy comprising Nb 0.4 wt%, Sn 0.8 wt%, Fe 0.35 wt%, 
5 Cr 0.15 wt%, Mn 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr the balance is observed with an electron microscope 
according to the accumulated annealing parameter. The size of the precipitates becomes large depending on the 
increase of the annealing parameter. When the annealing parameter is limited to the value of 1 x 10* 18 hr or lower, 
hydrogen absorption fraction in the alloy matrix is approximately 10 % or less. This value is very low, compared with 
25 % of the commercial Zircaloy-4. Hence, controlling the annealing parameter to less than 1 x 10- 18 hr results in 
10 obtaining the precipitates with 80 nm in diameter, thereby improving corrosion resistance of the alloys used in the 
present invention. 

[0031] In Fig. 4, zirconium alloy comprises A, B, C, D, and E compositions (Nb 0.4 wt%, Sn 0.8 wt%, Fe 0.35 wt%, 
Cr 0.15 wt%, Mn 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr the balance (A), Nb 0.2 wt%, Sn 1 .1 wt%, Fe 0.35 wt%, 
Cr 0.15 wt%, Cu 0.1 wt%, Si 120 ppm, O 1400 ppm and Zrthe balance (B), Nb 1.5 wt%, Sn 0.4 wt%, Fe 0.2 wt%, Cr 

15 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr the balance (C), Nb 1.0 wt%, Sn 1.0 wt%, Fe 0.3 wt%, Cr0.1 wt%, Cu 0.1 
wt%, Si 120 ppm, O 1400 ppm and Zr the balance (D), and Nb 0.4 wt%, Sn 0.8 wt%, Fe 0.35 wt%, Cr 0.15 wt%, Cu 
0.1 wt%, Si 120 ppm, O 1400 ppm and Zrthe balance (E)). For such zirconium alloys, corrosion tests were conducted 
under three conditions (360 °C water, 400 °C steam, 360 °C LiOH) for 120 days, followed by measuring the weight 
gain according to the annealing parameter. In all three test-conditions, the weight gain is getting large, is dependent 

20 on the increase of the annealing parameter. In conditions of 360 °C water and LiOH, it is noted that, when the annealing 
parameter is 1 x 10" 18 hr or lower, corrosion resistance is greatly improved. 

[0032] In the sixth step of final vacuum annealing (8), it is preferred that the said TREX is treated at 440-600 °C for 
2-4 hours in the final vacuum annealing step so as to yield stress relieved structure, partial recrystallization structure 
and full recrystallization structure. As such, 0.5 wt% or less of Nb-added alloy is annealed at 470-540 °C, and 0.8-1 .8 

25 wt% of Nb-added alloy at 470-580 °C. 

[0033] Now turning to Fig. 5, corrosion test in zirconium alloy is performed in conditions of 360 °C LiOH for 1 20 days, 
and according to the temperature change for final vacuum annealing the results are shown in the drawing, wherein 
zirconium alloy is composed of each of Nb 0.4 wt%, Sn 0.8 wt%, Fe 0.35 wt%, Cr 0.15 wt%, Mn 0.1 wt%, Si 120 ppm, 
O 1400 ppm and Zrthe balance (A); Nb0.2 wt%, Sn 1.1 wt%, Fe 0.35 wt%, Cr0.15wt%, Cu 0.1 wt%, Si 120 ppm, O 

30 1400 ppm and Zr the balance (B); Nb 1 .5 wt%, Sn 0,4 wt%, Fe 0.2 wt%, Cr 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr 
the balance (C); Nb 1 .0 wt%, Sn 1 .0 wt%, Fe 0.3 wt%, Cr 0.1 wt%, Cu 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr the 
balance (D); and Nb 0.4 wt%, Sn 0.8 wt%, Fe 0.35 wt%, Cr 0.15 wt%, Cu 0.1 wt%, Si 120 ppm, O 1400 ppm and Zr 
the balance (E). Weight gain is reduced in accordance with temperature increase, and corrosion resistance is excellent 
at 470 °C or higher. 

35 [0034] Fig. 6 shows tensile strength according to the final vacuum annealing temperature. Tensile strength is slowly 
reduced depending on the increase of the annealing temperature, then drastically reduced at 540 °C. It is believed 
that the recrystallization begins at 540 °C and thus the disappearance of dislocation occurs and the grains are grown, 
thereby the tensile strength is drastically reducing. Therefore, it is preferred that the final vacuum annealing is carried 
out at 470-580 °C from a view of tensile strength. 

40 [0035] Fig. 7 shows creep rate involved in the final vacuum annealing temperature. Creep rate increases depending 
on the increase of the annealing temperature. It is preferred that 0.5 wt% or less of Nb-added alloy is annealed at 
470-540 °C and 0.8-1 .8 wt% of Nb-added alloy at 470-580 °C. 

[0036] Considering corrosion resistance, tensile strength and creep rate in accordance with the final vacuum an- 
nealing temperature, the optimal annealing is conducted at 470-540 °C for 0.5 wt% or less of Nb-added alloy, and at 
45 470-580 °C for 0.8-1 .8 wt% of Nb-added alloy, thereby obtaining a tube and a sheet of Nb-added zirconium alloys for 
high burn-up nuclear fuel with excellent corrosion resistance and mechanical properties. 

[0037] The Nb-containing zirconium alloy in this present invention is preferably composed of Nb 0.05-1 .8 wt%, Sn 
0.2-1 .4 wt%, Fe 0.05-0.5 wt%, Cr 0.05-0.30 wt%, Mn or Cu 0.05-0.4 wt%, Si 80-1 20 ppm, O 600-1 400 ppm and Zr the 
balance. 

50 [0038] Further, it is preferred that the zirconium alloy comprises Nb 0.05-1 .8 wt%, Sn 0.2-1 .4 wt%, Fe 0.05-0.5 wt%, 
one element of Cr, Mn and Cu 0.05-0.30 wt%, Si 80-120 ppm, O 600-1400 ppm and Zrthe balance. 
[0039] Furthermore, it is preferred that the zirconium alloy comprises Nb 0.05-1 .8 wt%, Fe or Cu 0.05-0.3 wt%, Si 
80-120 ppm, O 600-1400 ppm and Zr the balance. 
[0040] More preferably, niobium-containing zirconium alloy comprises 

55 

1) Nb 0.3-0.6 wt%, Sn 0.7-1 .0 wt%, Fe 0.2-0.5 wt%, Cr 0.05-0.25 wt%, Mn or Cu 0.05-0.4 wt%, Si 80-120 ppm, 
O 600-1400 ppm and Zrthe balance. 

2) Nb 0.15-0.25 wt%, Sn 0.9-1 .40 wt%, Fe 0.2-0.4 wt%, Cr 1 .0-0.25 wt%, Cu 0.05-0.12 wt%, Si 80-120 ppm, O 
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600-1400 ppm and Zrthe balance. 

3) Nb 0.05-0.3 wt%, Sn 0.3-0.7 wt%, Fe 0.2-0.4 wt%, Cr or Cu 0.05-0.2 wt%, Si 80-120 ppm, O 600-1400 ppm 
and Zrthe balance. 

4) Nb 1 .3-1 .8 wt%, Sn 0.2-0.5 wt%, Fe 0.1-0.3 wt%, Cr, Mn orCu 0.05-0.3 wt%, Si 80-120 ppm, O 600-1400 ppm 
s and Zrthe balance. 

5) Nb 0.8-1.2 wt%, Sn 0.8-1.2 wt%, Fe 0.2-0.4 wt%, Cr 0.10-0.25 wt%, Mn orCu 0.05-0.3 wt%, Si 80-120 ppm, 
O 600-1400 ppm and Zrthe balance. 

6) Nb 0.8-1 .2 wt%, Fe or Cu 0.05-0.3 wt%, Si 80-120 ppm, O 600-1400 ppm and Zrthe balance. 

w [0041] A better understanding of the present invention may be obtained in the light of the following examples which 
are set forth to illustrate, but are not to limit the present invention. 

EXAMPLE 1 

is Preparation of Niobium-containing Zirconium Alloy 1 

[0042] Niobium-containing zirconium alloy, comprising Nb 0.4 wt% (deviation 0.3-0.6 wt%), Sn 0.8 wt% (deviation 
0.7-1.0 wt%), Fe 0.35 wt% (deviation 0.2-0.5 wt%), Cr 0.15 wt% (deviation 0.05-0.25 wt%), Mn 0.1 wt% (deviation 
0.05-0.2 wt%), Si 120 ppm (deviation 80-120 ppm), O 1400 ppm (deviation 600-1400 ppm) and Zr the balance, was 

20 melted and thus, the ingot was formed (first step), and forging it was performed (second step) in a range of p phase 
of 1200 °C in order that the dendrite structures in ingot were broken. Subsequently, through p-quenching (third step) 
in which solution heat-treatment was conducted at 1050 °C so that alloy elements were homogeneously distributed 
and then quenched, martensite or Widmanstatten structure could be obtained. The p-quenched ingot was hot-worked 
at 630 °C (fourth step) to yield an extruded shell, suitable for cold working. The said extruded shell was cold-worked 

25 to obtain an intermediate product such as TREX (Tube Reduced Extrusion), which was then intermediate vacuum 
annealed at 580-640 °C for 3 hours (fifth step). Such TREX was cold-worked 2-4 times and intermediate vacuum 
annealing (fifth step) interposed between cold working was conducted at 570-610 °C for 2 hours each. Final vacuum 
annealing (sixth step) was performed at 470 °C for 2.5 hours, thereby preparing a tube and a sheet of niobium-con- 
taining zirconium alloy. 

30 [0043] In annealing performed at a phase introduced at each step after p-quenching annealing, its holding temper- 
ature and time were represented by introducing the accumulated annealing parameter (E A), which was adjusted at 
1.0 x 10' 18 hr or lower. 

EXAMPLE 2 

35 

Preparation of Niobium-containing Zirconium Alloy 2 

[0044] By the same manner as described in Example 1 , prepared were a tube and a sheet of niobium-containing 
zirconium alloy comprising Nb 0.4 wt% (deviation 0.3-0.6 wt%), Sn 0.8 wt% (deviation 0.7-1.0 wt%), Fe 0.35 wt% 
40 (deviation 0.2-0.5 wt%), Cr 0.15 wt% (deviation 0.05-0.25 wt%), Cu 0.1 wt% (deviation 0.05-0.2 wt%), Si 120 ppm 
(deviation 80-120 ppm), O 1400 ppm (deviation 600-1400 ppm) and Zrthe balance. 

EXAMPLE 3 

45 Preparation of Niobium-containing Zirconium Alloy 3 

[0045] By the same manner as described in Example 1 , prepared were a tube and a sheet of niobium-containing 
zirconium alloy comprising Nb 0.2 wt% (deviation 0.15-0.25 wt%), Sn 1 .1 wt% (deviation 0.9-1 .40 wt%), Fe 0.35 wt% 
(deviation 0.2-0.4 wt%), Cr 0.15 wt% (deviation 0.10-0.25 wt%), Cu 0.1 wt% (deviation 0.05-0.12 wt%), Si 120 ppm 
so (deviation 80-120 ppm), O 1400 ppm (deviation 600-1400 ppm) and Zrthe balance. 

EXAMPLE 4 

Preparation of Niobium-containing Zirconium Alloy 4 

55 

[0046] By the same manner as described in Example 1 , prepared were a tube and a sheet of niobium-containing 
zirconium alloy comprising Nb 0.2 wt% (deviation 0.05-0.3 wt%), Sn 0.5 wt% (deviation 0.3-0.7 wt%), Fe 0.30 wt% 
(deviation 0.2-0.4 wt%), Cr 0.1 wt% (deviation 0.05-0.20 wt%), Si 120 ppm (deviation 80-120 ppm), O 1400 ppm 
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(deviation 600-1400 ppm) and Zr the balance. 
EXAMPLE 5 

5 Preparation of Niobium-containing Zirconium Alloy 5 

[0047] By the same manner as described in Example 1 , prepared were a tube and a sheet of niobium-containing 
zirconium alloy comprising Nb 0.2 wt% (deviation 0.05-0.3 wt%), Sn 0.5 wt% (deviation 0.3-0.7 wt%), Fe 0.3 wt% 
(deviation 0.2-0.4 wt%), Cu 0.1 wt% (deviation 0.05-0.2 wt%), Si 120 ppm (deviation 80-120 ppm), O 1400 ppm (de- 
10 viation 600-1400 ppm) and Zr the balance. 

EXAMPLE 6 

Preparation of Niobium-containing Zirconium Alloy 6 

15 

[0048] Niobium-containing zirconium alloy comprising, Nb 1 .5 wt% (deviation 1 .3-1 .8 wt%), Sn 0.4 wt% (deviation 
0.2-0.5 wt%), Fe 0.2 wt% (deviation 0.1-0.3 wt%), Cr 0.1 wt% (deviation 0.05-0.3 wt%), Si 120 ppm (deviation 80-120 
ppm), O 1400 ppm (deviation 600-1400 ppm) and Zrthe balance, was melted and thus, the ingot was formed (first 
step) , and forging it was performed (second step) in a range of p phase of 1 200 °C in order that the dendrite structures 

20 in ingot were broken. Subsequently, through 0-quenching process (third step) in which solution heat-treatment was 
conducted in 1 050 °C so that alloy elements were homogeneously distributed and then quenched, martensite or Wid- 
manstatten structure could be obtained. The p-quenched ingot was hot-worked at 630 °C (fourth step) to yield an 
extruded shell, suitable for cold working. The said extruded shell was cold worked to obtain an intermediate product, 
such as TREX, which was then intermediate vacuum annealed at 580-640 °C for 8 hours (fifth step). Such TREX was 

25 cold-worked 2-4 times and intermediate vacuum annealing (fifth step) interposed between the cold-working steps was 
conducted at 570-61 0 °C for 3 hours each. Final vacuum annealing (sixth step) was performed at 520 °C for 2.5 hours, 
thereby preparing a tube and a sheet of niobium-containing zirconium alloy. 

[0049] In annealing performed at a phase introduced at each step after p-quenching annealing, its holding temper- 
ature and time were represented by introducing the accumulated annealing parameter (E A), which was adjusted at 
30 1.0 x 10- 18 hr or lower. 

EXAMPLE 7 

Preparation of Niobium-containing Zirconium Alloy 7 

35 

[0050] By the same manner as described in Example 6, a tube and a sheet of niobium-containing zirconium alloy 
comprising Nb 1.5 wt% (deviation 1.3-1.8 wt%), Sn 0.4 wt% (deviation 0.2-0.5 wt%), Fe 0.2 wt% (deviation 0.1-0.3 
wt%), Mn 0.1 wt% (deviation 0.05-0.3 wt%), Si 120 ppm (deviation 80-120 ppm), O 1400 ppm (deviation 600-1400 
ppm) and Zr the balance, were prepared. 

40 

EXAMPLE 8 

Preparation of Niobium-containing Zirconium Alloy 8 

45 [0051] By the same manner as described in Example 6, a tube and a sheet of niobium-containing zirconium alloy 
comprising Nb 1.5 wt% (deviation 1.3-1.8 wt%), Sn 0.4 wt% (deviation 0.2-0.5 wt%), Fe 0.2 wt% (deviation 0.1-0.3 
wt%), Cu 0.1 wt% (deviation 0.05-0.3 wt%), Si 120 ppm (deviation 80-120 ppm), O 1400 ppm (deviation 600-1400 
ppm) and Zr the balance, were prepared. 

50 EXAMPLE 9 

Preparation of Niobium-containing Zirconium Alloy 9 

[0052] By the same manner as described in Example 6, a tube and a sheet of niobium-containing zirconium alloy 
55 comprising Nb 1.0 wt% (deviation 0.8-1.2 wt%), Sn 1.0 wt% (deviation 0.8-1.2 wt%), Fe 0.3 wt% (deviation 0.2-0.4 
wt%), Cr 0.10 wt% (deviation 0.10-0.25 wt%), Mn 0.10 wt% (deviation 0.05-0.30 wt%), Si 120 ppm (deviation 80-120 
ppm), O 1400 ppm (deviation 600-1400 ppm) and Zrthe balance, were prepared. 
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EXAMPLE 10 

Preparation of Niobium-containing Zirconium Alloy 10 

5 [0053] By the same manner as described in Example 6, a tube and a sheet of niobium-containing zirconium alloy 
comprising Nb 1.0 wt% (deviation 0.8-1.2 wt%), Sn 1.0 wt% (deviation 0.8-1.2 wt%), Fe 0,3 wt% (deviation 0.2-0.4 
wt%), Cr 0.10 wt% (deviation 0.10-0.25 wt%), Cu 0.10 wt% (deviation 0.05-0.30 wt%), Si 120 ppm (deviation 80-120 
ppm), O 1400 ppm (deviation 600-1400 ppm) and Zrthe balance, were prepared. 

10 EXAMPLE 11 

Preparation of Niobium-containing Zirconium Alloy 11 

[0054] By the same manner as described in Example 6, a tube and a sheet of niobium-containing zirconium alloy 
15 comprising Nb 1 .0 wt% (deviation 0.8-1 .2 wt%), Fe 0.15 wt% (deviation 0.05-0.30 wt%), Si 120 ppm (deviation 80-120 
ppm), O 1400 ppm (deviation 600-1400 ppm) and Zr the balance, were prepared. 

EXAMPLE 12 

20 Preparation of Niobium-containing Zirconium Alloy 12 

[0055] By the same manner as described in Example 6, a tube and a sheet of niobium-containing zirconium alloy 
comprising Nb 1 .0 wt% (deviation 0.8-1 .2 wt%), Cu 0.15 wt% (deviation 0.05-0.30 wt%), Si 120 ppm (deviation 80-120 
ppm), O 1400 ppm (deviation 600-1400 ppm) and Zrthe balance, were prepared. 

25 

EXAMPLE 13 

Preparation of Niobium-containing Zirconium Alloy 13 

30 [0056] By the same manner as described in Example 6, a tube and a sheet of niobium-containing zirconium alloy 
comprising Nb 1.0 wt% (deviation 1.3-1.8 wt%), Fe 0.15 wt% (deviation 0.05-0.30 wt%), Cu 0.15 wt% (deviation 
0.05-0.30 wt%), Si 120 ppm (deviation 80-120 ppm), O 1400 ppm (deviation 600-1400 ppm) and Zrthe balance, were 
prepared. 

35 EXPERIMENTAL EXAMPLE 1 

Observation of Microstructure of Alloys 

[0057] Observing the microstructure of alloys prepared in the examples 1 -13 by use of an optical microscope and a 
40 transmission electron microscope, it was found that the intermediate microstructures between the cold-working steps 
were all recrystallized states. Nb-contained zirconium alloy had larger crystalline grains than that of Zircaloy-4, and 
the crystalline grains became coarse according to the increase of Nb contents. Nb was added so that the recrystallizing 
temperature was slightly reduced. Intermediate vacuum annealing conditions between the cold-working steps were 
suitable for recrystallizing Nb-containing zirconium alloy. In order to control the size of the precipitates at 80 nm or 
45 smaller, intermediate vacuum annealing between the cold-working steps was preferably conducted at 620 °C or lower. 
As such, accumulated annealing parameter (£ A) was 1 .0 x 10 -18 hr or lower, 

EXPERIMENTAL EXAMPLE 2 

so Corrosion Test 

[0058] To investigate corrosion resistance of alloys prepared in the examples 1 -13, corrosion tests were performed 
in three conditions of water (1 8.9 MPa) of 360 °C, steam atmosphere (1 0.3 MPa) of 400 °C and 70 ppm aqueous LiOH 
solution of 360 °C for 120 days. A tube and a sheet were processed to corrosion test pieces, polished with #1200 SiC 
55 polishing paper to have the same surface conditions, and then ultrasonically cleaned, followed by rinsing with a mixed 
acid solution of HF (5 %) + HN0 3 (45 %) + H 2 0 (50 %). Test pieces were periodically taken out of autoclave and the 
weight gain attributed to corrosion was measured, thereby evaluating corrosion resistance. 

[0059] For the Alloy-2 and Alloy-6 of the previous Example 2 and 6, the corrosion resistance with the change of hot- 



8 



EP 1 225 243 B1 



working, intermediate annealing, and final annealing was evaluated in 360°C water as shown in Fig. 8. When hot- 
working at a temperature of higher than 650°C, the weight gain of the both alloys increased gradually. The temperature 
of intermediate annealing and final annealing had the optimal range to obtain the excellent corrosion resistance. Thus 
the intermediate annealing of the alloys should be carried out in the range of 570°C to 620°C. The Alloy-2 (less than 
5 5% Nb-containing alloy) should be final annealed in the range of 470°C to 540°C, and the Ailoy-6 (more than 5% Nb- 
containing alloy) in the range of 470°C to 580°C. 

[0060] In the case that the accumulated annealing parameter for 13 alloys in the said examples was 7 x 1 0" 19 hr, 
weight gain after corrosion test for 120 days is shown in the following table 1 , and Zircaloy-4 was used as a comparative 
example. 

10 

Table 1. 



AUnv 


Weight gain of Nb-containing zirconium alloy, mg/dm 2 


360 °C water 


400° C steam 


360 °C 
70 ppm LiOH 




tube 


sheet 


tube 


sheet 


tube 


sheet 


Example 1 


33 


27 


60 


55 


32 


26 


Example 2 


29 


26 


56 


53 


30 


26 


Example 3 


28 


27 


57 


55 


31 


30 


Example 4 


26 


24 


52 


50 


27 


27 


Example 5 


27 


24 


50 


48 


25 


24 


Example 6 


35 


30 


55 


56 


37 


29 


Example 7 


34 


34 


54 


59 


35 


32 


Example 8 


37 


36 


55 


54 


37 


33 


Example 9 


36 


31 


54 


56 


36 


27 


Example 10 


34 


32 


55 


58 


35 


34 


Example 11 


35 


33 


56 


58 


34 


32 


Example 12 


36 


34 


58 


56 


35 


36 


Example 13 


34 


34 


58 


57 


36 


34 


Zircaioy-4 


37 


39 


65 


62 


60 


62 



[0061] From the results of table 1 , it can be seen that zirconium alloys of the present invention have superior corrosion 
properties to those of the commercial Zircaloy-4 in the said three conditions of corrosion test, and, in particular, corrosion 
resistance is excellent in 70 ppm aqueous LiOH solution. 

EXPERIMENTAL EXAMPLE 3 

Tensile Test 

[0062] To investigate the tensile strength of alloys prepared in the examples 1-13, tensile tests were conducted at 
room temperature (25 °C) and high temperature (400 °C) according to ASTM-E8 standard by use of a 1 0 ton multi- 
purpose tester. All the test pieces prepared by changing intermediate vacuum annealing temperature and final vacuum 
annealing temperature were measured for their tensile properties. As such, Zircaloy-4 was used in comparative ex- 
ample. 



55 
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Table 2. 



5 



10 



20 



Alloy 


Strength of Nb-containing zirconium alloy, MPa 


Room temp. (25 °C) 


High temp. (400 °C) 




yielding strength 


tensile strength 


yielding strength 


tensile strength 




tube 


sheet 


tube 


sheet 


tube 


sheet 


Tube 


sheet 


Example 1 


550 


569 


782 


776 


342 


352 


402 


381 


Example 2 


555 


574 


779 


765 


340 


348 


408 


392 


Example 3 


550 


594 


780 


789 


340 


350 


401 


398 


Example 4 


530 


533 


700 


703 


335 


340 


378 


390 


Example 5 


528 


534 


698 


705 


338 


348 


380 


399 


Example 6 


572 


626 


817 


824 


356 


358 


418 


412 


Example 7 


570 


630 


809 


819 


352 


360 


415 


413 


Example 8 


575 


628 


811 


820 


349 


355 


409 


406 


Example 9 


570 


619 


820 


821 


348 


351 


407 


410 


Example 1 0 


572 


615 


822 


824 


350 


357 


412 


413 


Example 1 1 


520 


522 


731 


740 


298 


306 


358 


542 


Example 12 


505 


523 


723 


743 


296 


289 


348 


336 


Example 13 


518 


526 


728 


738 


301 


294 


351 


340 


Zircaloy-4 


506 


495 


682 


685 


126 


122 


225 


223 



30 [0063] As can be seen in table 2, it was found that the strength of specimens controlled to the annealing parameter 
of 7 x 10-" 19 hr were equal to or better in tensile strength properties than those of Zircaloy-4, and tensile properties of 
alloys of the present invention are superior to those of Zircaloy-4. 

EXPERIMENTAL EXAMPLE 4 

35 

Creep Test 

[0064] To investigate the creep rate of alloys prepared in the examples 1 -1 3, creep tests were conducted at 400 °C 
for 240 days under constant load of 150 MPa. The test result of alloys of the present invention was compared with that 
40 of the commercial Zircaloy-4. 

[0065] After the tests were completed, a secondary creep regime (steady state regime) in creep curve was evaluated 
through data analysis and then creep rate was measured by use of the least squares method. The measured creep 
rate of Nb-containing zirconium alloy is superior to that of Zircaloy-4, which was taken as a standard for analysis of 
creep resistance. 

45 

Table 3. 



Alloy 


Creep rate of Nb-containing zirconium alloy, x 1 0 -7 %/sec 




tube 


sheet 


Example 1 


5 


8 


Example 2 


8 


12 


Example 3 


0.9 


1 


Example 4 


13 


12 


Example 5 


10 


9 


Example 6 


1 


4 
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Table 3. (continued) 



Allow 


Creep rate of Nb-containing zirconium alloy, x 10" 7 %/sec 


tube 


sheet 


Example 7 


3 


3 


Example 8 


2 


4 


Example 9 


0.9 


5 


Example 10 


1 


6 


Example 11 


12 


16 


Example 1 2 


15 


19 


Example 13 


12 


15 


Zircaloy-4 


18 


23 



[0066] From the result in table 3, it is shown that Nb-added zirconium alloy of the present invention has lower creep 
rate than that of the commercial Zircaloy-4, thus having excellent creep resistance. In addition, zirconium alloy of the 

20 present invention, controlled to the annealing parameter of 7 x 10" 19 hr, is excellent in creep properties. 

[0067] Accordingly, 0.05-1 .8 wt% of Nb-added zirconium alloys selectively comprising Sn, Fe, Cr, Cu, and Mn, pre- 
pared by the method of the present invention, can have excellent corrosion resistance and mechanical properties by 
controlling the annealing conditions (relatively low annealing temperature). Such Nb-containing zirconium alloy com- 
position can be stably maintained in the operation conditions of high burn-up/extended cycle, thereby being useful as 

25 nuclear fuel cladding tubes, grids and reactor structures in the core components of light water reactors and heavy water 
reactors. 



Claims 

30 

1 . A method for manufacturing a tube or a sheet of niobium-containing zirconium alloy for the high burn up nuclear 
fuel, comprising the following steps of: 

melting a metal mixture comprising of zirconium and alloying elements to obtain a ingot (first step); 
35 forging the ingot at p phase range (second step); 

p-quenching the forged ingot after performing a solution heat-treatment at 1 015-1075 °C (third step); 
hot-working the quenched billet (fourth step); 

cold-working the hot-worked ingot in three to five times, with intermediate vacuum annealing (fifth step); and 
final vacuum annealing the cold-worked billet (sixth step), 

40 

characterized In that 

said niobium-containing zirconium alloy comprises 0,05-1 ,8 wt% of niobium and the temperatures of the fourth 
and sixth steps respectively are 600-650 °C and 440-600 °C 

wherein cooling rate on p-quenching, and temperatures of intermediate vacuum annealing and final vacuum 
45 annealing at a phase range afterthe p-quenching are changed so as to attain the condition under which precipitates 

in the alloy matrix are limited to an average diameter of 80 nm or smaller and the accumulated annealing parameter, 
represented by the following equation 1 (E A), is limited to 1 .0 x 10" 18 hr or lower: 

5o Equation 1 

£ A = I , t, X exp(-Q/RT,) 

where, ^ is annealing time (hr) of i-th annealing step after p-quenching, T, is annealing temperature (K) of i-th 
55 annealing step after p-quenching, R is gas constant, Q is activation energy and Q/R equals about 40,000 K. 

2. The method as defined in claim 1 , wherein the Nb-containing zirconium alloys comprise Nb 0.3-0.6 wt%, Sn 0.7-1 .0 
wt%, Fe 0.2-0.5 wt%, Cr 0.05-0.25 wt%, one element of Mn and Cu 0.05-0.4 wt%, Si 80-120 ppm, O 600-1400 
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ppm and Zr the balance. 

3. The method as defined in claim 1, wherein the Nb-containing zirconium alloys comprise Nb 0.15-0.25 wt%, Sn 
0.9-1.40 wt%, Fe 0.2-0.4 wt%, Cr 0.10-0.25 wt%, Cu 0.05-0.12 wt%, Si 80-120 ppm, O 600-1400 ppm and Zrthe 

s balance. 

4. The method as defined in ctaim 1 , wherein the Nb-containing zirconium alloys comprise Nb 0.05-0.3 wt%, Sn 
0.3-0.7 wt%, Fe 0.2-0.4 wt%, one element of Cr and Cu 0.05-0.2 wt%, Si 80-120 ppm, O 600-1400 ppm and Zr 
the balance. 

10 

5. The method as defined in claim 1 , wherein the Nb-containing zirconium alloys comprise Nb 1 .3-1 .8 wt%, Sn 0.2-0.5 
wt%, Fe 0.1-0.3 wt%, one element of Cr, Mn and Cu 0.05-0.3 wt%, Si 80-120 ppm, O 600-1400 ppm and Zr the 
balance. 

is 6. The method as defined in claim 1 , wherein the Nb-containing zirconium alloys comprise Nb 0.8-1 .2 wt%, Sn 0.8-1 .2 
wt%, Fe 0.2-0.4 wt%, Cr 0.10-0.25 wt%, one element of Mn and Cu 0.05-0.3 wt%, Si 80-120 ppm, O 600-1400 
ppm and Zr the balance. 

7. The method as defined in claim 1 , wherein the Nb-containing zirconium alloys comprise Nb 0.8-1 .2 wt%, Fe or Cu 
20 0.05-0.3 wt%, Si 80-1 20 ppm, O 600-1 400 ppm and Zr the balance. 

8. The method as defined in any one claim in claims 2 to 7, wherein the Nb-containing zirconium alloys are hot- 
worked at 630 °C. 

25 9. The method as defined in any one claim in claims 2 to 4, wherein the Nb-containing zirconium alloys are treated 
at 570-620 °C for 2-3 hours in the intermediate vacuum annealing between the cold-working steps. 

10. The method as defined in any one claim in claims 2 to 4, wherein the Nb-containing zirconium alloys are treated 
at 470-540 °C in the final vacuum-annealing step. 

30 

11. The method as defined in any one claim in claims 5 to 7, wherein the Nb-containing zirconium alloys are treated 
at 570-620 °C for 3-8 hours in the intermediate vacuum annealing between the cold-working steps. 

12. The method as defined in any one claim in claims 5 to 7, wherein the Nb-containing zirconium alloys are treated 
35 at 470-580 °C in the final vacuum-annealing step. 



Patentansprtiche 

40 1. Verfahren zur Herstellung eines Rohrs Oder eines Blechs aus einer Niob enthaltenden Zirconiumlegierung fur 
hochabgebrannten Nuklearbrennstoff, das die folgenden Schritte aufweist: 

Schmelzen eines Metallgemischs, das aus Zirconium und Legierungselementen besteht, wodurch ein Ron- 
block erhalten wird (1. Schritt); 
45 Schmieden des Rohblockes im Bereich der B-Phase (2. Schritt); 

3-Abschrecken des geschmiedeten Rohblocks nach der Durchfuhrung einer Losungs-Warme-Behandlung 

bei 1015 bis 1075 °C (3. Schritt); 

Warmformen des abgeschreckten Blocks (4. Schritt); 

3- bis 5-maliges Kaltumformen warmgeformten Rohblocks mit dazwischenliegendem Tempern unter einem 
so Vakuum (5. Schritt); 

abschlieBendes Tempern des kaltumgeformten Blocks unter einem Vakuum (6. Schritt); 

dadurch gekennzeichnet, da 3 

die Niob enthaltende Zirconiumlegierung 0,05 bis 1 ,8 Gew.-% Niob aufweist und die Temperaturen des 4. bzw. 6. 
55 Schritts 600 bis 650 °C bzw. 440 bis 600 °C betragen, wobei die Abkuhlungsrate beim 3-Abschrecken und die 

Temperaturen des dazwischenliegendenTemperns unter einem Vakuum und des abschlieBenden Temperns unter 
einem Vakuum im Bereich deroc-Phase nach dem B-Abschrecken geandert werden, so daB die Bedingung erreicht 
wird, bei der Fallungen in der 
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Matrix der Legierung auf einen mittleren Durchmesser von 80 nm oder weniger begrenzt sind, und der Parameter 
des gesamten Abschreckens (ZA), der mit der folgenden Gleichung 1 angegeben wird, auf 1,0 x 10' 18 h oder 
weniger begrenzt ist: 

Gleichung 1 
ZA = I,t| x exp (-Q/RT,) 

10 worin 

t, die Zeit des Temperns (h) des i. Temperschritts nach dem 0-Abschrecken ist, 
Tj die Temperatur des Temperns (K) des i. Temperschritts nach dem p-Abschrecken ist, 
R die Gaskonstante ist, 
15 Q die Aktivierungsenergie ist und 

Q/R etwa 40000 K ist. 

2. Verfahren nach Anspruch 1 , wobei die Nb enthaltenden Zirconiumlegierungen 0,3 bis 0,6 Gew.-% Nb, 0,7 bis 1 ,0 
Gew.-% Sn, 0,2 bis 0,5 Gew.-% Fe, 0,05 bis 0,25 Gew.-% Cr, 0,05 bis 0,4 Gew.-% eines der Elemente Mn und 

20 Cu, 80 bis 120 ppm Si, 600 bis 1400 ppm O und als Rest Zr aufweisen. 

3. Verfahren nach Anspruch 1 , wobei die Nb enthaltenden Zirconiumlegierungen 0,15 bis 0,25 Gew.-% Nb, 0,9 bis 
1 ,40 Gew.-% Sn, 0,2 bis 0,4 Gew.-% Fe, 0,10 bis 0,25 Gew.-% Cr, 0,05 bis 0,12 Gew.-% Cu, 80 bis 120 ppm Si, 
600 bis 1400 ppm O und als Rest Zr aufweisen. 

25 

4. Verfahren nach Anspruch 1 , wobei die Nb enthaltenden Zirconiumlegierungen 0,05 bis 0,3 Gew.-% Nb, 0,3 bis 0,7 
Gew.-% Sn, 0,2 bis 0,4 Gew.-% Fe, 0,05 bis 0,2 Gew.-% eines der Elemente Cr und Cu, 80 bis 120 ppm Si, 600 
bis 1400 ppm O und als Rest Zr aufweisen. 

30 5. Verfahren nach Anspruch 1 , wobei die Nb enthaltenden Zirconiumlegierungen 1 ,3 bis 1 ,8 Gew.-% Nb, 0,2 bis 0,5 
Gew.-% Sn, 0,1 bis 0,3 Gew.-% Fe, 0,05 bis 0,3 Gew.-% eines der Elemente Cr, Mn und Cu, 80 bis 120 ppm Si, 
600 bis 1400 ppm O und als Rest Zr aufweisen. 

6. Verfahren nach Anspruch 1 , wobei die Nb enthaltenden Zirconiumlegierungen 0,8 bis 1 ,2 Gew.-% Nb, 0,8 bis 1 ,2 
35 Gew.-% Sn, 0,2 bis 0,4 Gew.-% Fe, 0,10 bis 0,25 Gew.-% Cr, 0,05 bis 0,3 Gew.-% eines der Elemente Mn und 

Cu, 80 bis 120 ppm Si, 600 bis 1400 ppm O und als Rest Zr aufweisen. 

7. Verfahren nach Anspruch 1 , wobei die Nb enthaltenden Zirconiumlegierungen 0,8 bis 1 ,2 Gew.-% Nb, 0,05 bis 0,3 
Gew.-% Fe oder Cu, 80 bis 120 ppm Si, 600 bis 1400 ppm O und als Rest Zr aufweist. 

40 

8. Verfahren nach einem der Anspriiche 2 bis 7, wobei die Nb enthaltenden Zirconiumlegierungen dem Warmformen 
bei 630 °C unterzogen werden. 

9. Verfahren nach einem der Anspriiche 2 bis 4, wobei die Nb enthaltenden Zirconiumlegierungen beim dazwischen- 
45 liegenden Tempern unter einem Vakuum zwischen den Schritten des Kaltumformens 2 bis 3 Stunden bei 570 bis 

620 °C behandett werden. 

10. Verfahren nach einem der Anspriiche 2 bis 4, wobei die Nb enthaltenden Zirconiumlegierungen im Schritt des 
abschlieBenden Temperns unter einem Vakuum bei 470 bis 540 °C behandett werden. 

50 

1 1 . Verfahren nach einem der Anspriiche 5 bis 7, wobei die Nb enthaltenden Zirconiumlegierungen beim dazwischen- 
liegenden Tempern unter einem Vakuum zwischen den Schritten des Kaltumformens 3 bis 8 Stunden bei 570 bis 
620 °C behandelt werden. 

55 12. Verfahren nach einem der Anspriiche 5 bis 7, wobei die Nb enthaltenden Zirconiumlegierungen im Schritt des 
abschlieBenden Temperns unter einem Vakuum bei 470 bis 580 °C behandelt werden 
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R eve ndicat Ions 

1 . Procede de fabrication d'un tube ou cTune feuille, en un alliage de zirconium contenant du niobium, pour un com- 
bustible nucieaire a taux de combustion eleve, comprenant les etapes sulvantes de : 

5 

fusion d'un melange de metaux comprenant du zirconium et des elements d'alliage, pour obtenir un lingot 
(premiere etape) ; 

forgeage d'un lingot dans la plage de phase 0 (deuxieme etape) ; 

trempe 0 du lingot forge, apres mise en oeuvre d'un traitement thermique en solution a 1 01 5-1 075°C (troisieme 
10 etape) ; 

deformation a chaud de la billette trempee (quatrieme etape) ; 

deformation a froid du lingot ayant subi la deformation a chaud, en trois a cinq fois, avec un recuit intermediaire 
sous vide (clnquleme etape) ; et 

recuit final sous vide de la billette ayant subi la deformation a froid (sixieme etape), 

15 

caracterlse en ce que ledit alliage de zirconium contenant du niobium comprend 0,05-1 ,8 % en poids de 
niobium, et les temperatures de la quatrieme et de la sixieme etapes sont respectivement de 600-650°C et 
440-600°C, 

la Vitesse de refroidissement lors de la trempe 0, et les temperatures du recuit intermediaire sous vide et du 
20 recuit final sous vide dans la plage de phase a apres la trempe 0, etant modif iees de facon a parvenir aux conditions 

dans lesquelles des precipites se trouvant dans la matrice de I'alliage sont limites a un diametre moyen d'au plus 
80 nm, et le parametre de recuit accumule, repr6sent6 par i'equation 1 ci-apres (Z A) etant limite a au plus 1 , 0 x 
10~ 18 h : 
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Equation 1 
Z A = £j tj x exp(-Q/RTj) 

30 ou tj est la duree du recuit (h) de la i-ieme etape de recuit apres la trempe 0, T } est la temperature de recuit 

(K) de la i-ieme etape de recuit apres la trempe 0, R est la constante des gaz, Q est Penergie d'activation, et Q/R 
est egal a environ 40 000 K. 

2. Procede selon la revendication 1 , dans lequel les alliages de zirconium contenant du Nb comprennent Nb 0,3-0,6 
35 % en poids, Sn 0,7-1 ,0 % en poids, Fe 0,2-0,5 % en poids, Cr 0,05-0,25 % en poids, un element choisi entre Mn 

et Cu 0,05-0,4 % en poids, Si 80-120 ppm, O 600-1400 ppm, et Zr le reste. 

3. Procede selon la revendication 1 , dans lequel les alliages de zirconium contenant du Nb comprennent Nb 0, 1 5-0,25 
% en poids, Sn 0,9-1,40% en poids, Fe 0,2-0,4% en poids, Cr 0,1 0-0,25% en poids, Cu 0,05-0,12 % en poids, 

40 Si 80-120 ppm, O 600-1400 ppm, et Zr le reste. 

4. Procede selon la revendication 1 , dans lequel les alliages de zirconium contenant du Nb comprennent Nb 0,05-0,3 
% en poids, Sn 0,3-0,7 % en poids, Fe 0,2-0,4 % en poids, un element choisi entre Cr et Cu 0,05-0,2 % en poids, 
Si 80-120 ppm, O 600-1400 ppm, et Zr le reste. 

45 

5. Procede selon la revendication 1 , dans lequel fes alliages de zirconium contenant du Nb comprennent Nb 1 ,3-1 ,8 
% en poids, Sn 0,2-0,5 % en poids, Fe 0,1-0,3 % en poids, un element choisi parmi Cr, Mn et Cu 0,05-0,3 % en 
poids, Si 80-120 ppm, O 600-1400 ppm, et Zr le reste. 

so 6. Procede selon la revendication 1 , dans lequel les alliages de zirconium contenant du Nb comprennent Nb 0,8-1 ,2 
% en poids, Sn 0,8-1 ,2 % en poids, Fe 0,2-0,4 % en poids, Cr 0,10-0,25 % en poids, un element choisi entre Mn 
et Cu 0,05-0,3 % en poids, Si 80-120 ppm, O 600-1400 ppm, et Zr le reste. 

7. Procede selon la revendication 1 , dans lequel les alliages de zirconium contenant du Nb comprennent Nb 0,8-1 ,2 
55 % en poids, Fe ou Cu 0,05-0,3 % en poids, Si 80-120 ppm, O 600-1400 ppm, et Zr le reste. 

8. Procede selon Tune quelconque des revendications 2 a 7, dans lequel les alliages de zirconium contenant du Nb 
sont soumis a une deformation a chaud a 630°C. 



14 



EP 1 225 243 B1 

9. Procede selon Pune quelconque des revendications 2 a 4, dans Iequel !es ailiages de zirconium contenant du Nb 
sont traites a 570-620°C pendant 2-3 heures lors du recuit intermediaire sous vide entre les etapes de deformation 
a froid. 

10. Procede selon Tune quelconque des revendications 2 a 4, dans Iequel les ailiages de zirconium contenant du Nb 
sont traites a 470-540°C dans I'etape de recuit final sous vide. 

11. Procede selon Tune quelconque des revendications 5 a 7, dans Iequel les ailiages de zirconium contenant du Nb 
sont traites a 570-620°C pendant 3-8 heures lors du recuit intermediaire sous vide entre les etapes de deformation 
a froid. 



12. Procede selon Tune quelconque des revendications 5 a 7, dans Iequel les ailiages de zirconium contenant du Nb 
sont traites a 470-580° C dans I'etape de recuit final sous vide. 
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